nutritional properties of the organism, which appears to be a new species of the genus Clostridium. In view of the organism's unique ability to utilize ethylene or propylene glycol as substrate for growth, the name Clostridium glycolicum is proposed.
MATERIALS AND METHODS
Isolation and culture. The organism was isolated from a specimen of mud obtained from a stagnant pond near the Chesapeake and Ohio Canal. A small amount was placed in a groundglass stoppered bottle, which was filled to the top (to exclude air) with medium containing 1.0 ml of ethylene glycol per 100 ml, 0.02 M potassium phosphate buffer (pH 7.4), 0.00005% methylene blue, 0.00025 % phenolsulfonphthalein, and 0.03 % Na2S .9H2O. The bottle was incubated at 37 C, and, at appropriate intervals, samples were removed for assay of ethylene glycol by periodate oxidation. When the ethylene glycol had been consumed, the contents of the bottle were thoroughly mixed, and 10 ml were transferred to fresh medium which, in addition to the above ingredients, contained 0.2% (NH4)2SO4, 0.02% MgSO4 7H20, 0.002% CaCl,22H2O, 0.002% FeSO4-7HMD, 0.0006% each of MnSO4A4H2O and Na2,MoO4 2H20, and 0.00024% CoCl26H20. It was found that enrichment with 2 % yeast extract was required in addition.
To determine what portion of the yeast extract was stimulatory, the yeast extract solution was fractionated by passage over a (H+, 8 % cross-linked) column, and the cation fraction was eluted with 1.0 N NH40H. A similar yeast extract solution was adjusted to pH 5.25 and adsorbed with Norit A to constant ultraviolet absorbancy. The charcoal was eluted with 50% aqueous ethanol, containing 2 ml of concentrated NH40H per 100 ml. These eluates were taken to dryness in vacuo and resuspended in water. Both the cation fraction and the charcoal eluate fraction could substitute for yeast extract in stimulating growth of the organism, the former being 356 on January 11, 2018 by guest http://jb.asm.org/ Downloaded from the more active. The charcoal effluent was inactive. When the yeast extract solution was fractionated on a Dowex-1 (OH-, 8% crosslinked) column, neither the effluent nor the anion fraction eluted with 0.2 N NaOH was active in stimulating growth.
In addition to yeast extract or its fractions, the vitamins thiamine, pyridoxine, pyridoxamine, pyridoxal, pantothenate, riboflavine, nicotinic acid, nicotinamide, p-aminobenzoic acid, biotin, and pteroylglutamate were added, in the same concentrations used by Kline and Barker (1950) . After a number of transfers, the ethylene glycol-fermenting organism became abundant enough to be detected in the eighth tube of a liquid serial dilution series; it was then isolated in pure culture by the agar shake tube technique described by Barker (1936) .
Tryptophan-enriched casein acid hydrolysate was found to substitute for the yeast extract solution as a growth supplement. It was added in the form of Parenamine (15% solution, Winthrop Laboratories, New York, N.Y.), 5 ml per 100 ml of medium; or as acid casein hydrolysate (Nutritional Biochemicals Corp., Cleveland, Ohio), 0.8 g plus 1.0 mg of DL-tryptophan per 100 ml of medium.
The minimal medium finally adopted contained (per 100 ml of medium): 1.0 ml of ethylene glycol; 0.06 M potassium phosphate buffer (pH 7.4); 5.0 ml of Parenamine; the eleven vitamins listed above, in the concentrations used by Kline and Barker (1950) ; the salts MgSO4.7H20, CaCl2. 2H20, FeSO4.7H20, MnSO4 .4H20, Na2MoO4. 2H20, and CoCl2-6H20, in the concentrations given above; and 0.01% Na2S-9H20. K2CO3, 10%, and 5 N HCI were autoclaved separately, and 1.5 ml of K2CO3 and 2 drops of HCl were added (per 100 ml of medium) just prior to inoculation.
For the fermentation balance studies, the required amino acids were added in place of casein hydrolysate in concentrations varying from 1 X 10-4 M glycine, the lowest, to 6 X 10-3 M serine, the highest. This enrichment permitted 60% of maximal growth. In the medium for the fermentation balances, K2CO3 and HCl were omitted, and Oxsorbent seals (Burrell Corp., Pittsburgh, Pa.) for the culture tubes were substituted for the usual pyrogallol-K2CO3 seals.
Growth and nutritional studies were performed in Pyrex tubes (14 X 125 mm), which could be inserted into the Klett-Summerson colorimeter where the turbidity (considered to reflect growth) was measured with a no. 66 filter.
The inocula employed in the nutritional experiments consisted of cells harvested and washed under aseptic conditions. Cultures, which had been allowed to develop until the substrate had just been consumed (12 to 14 hr at 37 C), were centrifuged; the cells were washed twice with sterile 0.04 M potassium phosphate buffer containing 0.005% Na2S *9H20, and then resuspended in a volume of the same buffer equal to that of the original culture.
For inoculation of the test media, samples of the washed-cell suspension equivalent to 5% (by volume) of the medium inoculated were employed. All cultures for nutritional studies were incubated at 37 C.
Analytical methods. Ethylene and propylene glycol were estimated spectrophotometrically by periodate oxidation, as described by Crouthamel et al. (1949) . The reaction was followed at 265 m,u instead of 222 nml, to avoid the nonperiodate absorption of culture supernatant samples at the latter wave length.
Acetokinase was a gift from T. C. Stadtman, prepared according to Rose et al. (1954) from Escherichia coli and Clostridium sticklandii. That prepared from E. coli was specific for acetate and did not show the usual activity on propionate. The preparation from C. sticklandii was, by contrast, able to phosphorylate acetate, propionate, or butyrate.
Acetate and propionate were assayed, using the above enzymes, by the method described by Rose et al. (1954) . In duplicate tubes, the reaction was stopped by 4.0 ml of ethanol instead of 12% trichloroacetic acid, and the hydroxamates were prepared and chromatographed by the method of Stadtman and Barker (1950) .
Ethanol and propanol were assayed enzymatically, using the 3-acetyl pyridine analogue of diphosphopyridine nucleotide (DPN), by the method described by Kaplan and Ciotti (1957) . Both alcohols gave the same calibration curve.
Ethanol and propanol were oxidized to their corresponding acid forms by the acid dichromate method of Neish (1957) . This method converts ethanol to acetate, but converts propanol to a mixture of acetate and propionate. The oxidation mixture was adjusted to pH 9.0, taken to dryness with a stream of air, and the residue was resuspended in 5 to 10 ml of water. The pH was adjusted to 1.0 to 2.0, and the mixture was steamdistilled. Samples of the steam-distilled mixture were then assayed by the acetokinase method, VOL. 85, 1963 and the hydroxamates, prepared in duplicate tubes, were chromatographed for final identification, as described above. In some cases, the FeCl3-stained spots were cut out and eluted for measurement of absorbancy, as described by Stadtman and Barker (1950) .
Fermentation balances were made by analysis of the culture medium from 3-to 5-day-old cultures. After removal of the bacteria by centrifugation, samples were adjusted to pH 1.0 to 2.0 or 8.0, and subjected to steam-distillation or microdistillation, respectively. The acid-steam distillates were then assayed for acetate or propionate, and the hydroxamates were chromatographed as described above. The alkaline microdistillates were assayed for ethanol or propanol by the method of Kaplan and Ciotti (1957) , and then oxidized to the acids as described above for assay and chromatography of the hydroxamates.
Methods of species identification. Deep colonies were observed in shake tubes of minimal media, to which 1.5% agar (Difco) was added. Surface colonies were observed on rabbit blood-agar slants, rendered anaerobic with pyrogallol-K2CO3 seals.
Gram stain was by the Hucker modification (Society of American Bacteriologists, 1957).
Spore stain was the Conklin modification of Wirtz's method (Society of American Bacteriologists, 1957). Flagellar stain was that described by Leifson (1951) . Sugar fermentations were observed in tubes of phenolsulfonphthalein broth, containing the specified carbohydrate (in 0.5% concentration) and equipped with Dunham tubes for detecting gas formation. These were prepared in the National Institutes of Health Media Section according to Stitt, Clough, and Branham (1948) .
For additional tests on cellulose fermentation, 5 g of Whatman standard-grade, ashless, chromatography cellulose were placed in a column and washed successively with water, 100 ml of 0.1 N KOH, water to neutrality, 100 ml of 0.1 N HCl, water to neutrality, and then with an additional 10 liters of water. The cellulose was collected and dried on a Biichner funnel. It was then weighed and placed in tubes of phenolsulfonphthalein broth or minimal medium, in a concentration of 0.5 g per 100 ml of medium.
Proteolysis was tested in tubes of medium containing horsemeat, brain, bromeresol purple milk, and gelatin, as described by Stitt et al. (1948) .
Additional gelatin tubes contained 0.5% glucose. Coagulated egg albumin was prepared in sterile Mett tubes placed in sterile culture tubes, which were then filled with sterile minimal medium, inoculated, and sealed in the usual manner.
Hemolysis was tested in rabbit blood-agar slants and deep stab tubes.
Nitrate reduction was tested by the method of Stitt et al. (1948) in tubes of minimal medium containing KNO3 in 0.1 % concentration, because of the more luxuriant growth supported by the minimal medium.
Indole production was tested in tubes of minimal medium containing 1.0% Tryptone (Difco) by the method of Stitt et al. (1948) .
H2S production was observed in tubes of minimal medium bearing a sterile strip of lead acetate-saturated paper just above the level of the medium.
Chemicals. Amino acids were purchased from Nutritional Biochemicals Corp. and Mann Laboratories, Inc. Vitamins were purchased from Nutritional Biochemicals Corp. Yeast alcohol dehydrogenase, twice recrystallized, was obtained from Worthington Biochemical Corp. Adenosine triphosphate (ATP) and 3-acetyl pyridine DPN were purchased from Pabst Laboratories. Other chemicals were of the highest purity available commercially.
RESULTS
Minimal medium. The use of the rather low level of 0.01% Na2S .9H20 was adopted because growth at this level is maximal, and black sulfide precipitates occur with higher levels. The presence of (NH4) 2SO4 in 0.2% concentration causes a lag of 4 to 5 hr in the onset of growth; ammonium sulfate is, therefore, omitted from the medium. The phosphate buffer (pH 7.4) is not inhibitory up to 0.1 M.
Temperature. The organism grows well between 22 and 37 C. Over this range, the rate of growth increases with increasing temperature, but the maximal growth obtained is the same at all temperatures. No growth occurs at 45 C.
Effective pH. The organism grows best at pH 7.4 to 7.6, as shown in Fig. 1 . Below pH 7.0, growth is markedly inhibited.
Other substrates. Of the compounds tested, only propylene glycol, glucose, fructose, sorbitol, dulcitol, and xylose could substitute for ethylene glycol in supporting growth in minimal medium ( Table 1) . Additional substrates that were tested and found unable to support growth include glycogen, melibiose, trehalose, cellulose, cellobiose, sucrose, salicin, inulin, erythritol, lactose, mannose, mannitol, adonitol, arabinose, amygdaline, pectin, dextrin, starch, rhamnose, raffinose, and galactose. It should be pointed out that glycerol does not support growth even in the presence of acetate (Bhat and Barker, 1947) . In these experiments, the various substrates were tested at a final concentration of 0.5 g (or 0.5 ml, for the liquid substrates) per 100 ml of medium. Lactate, pyruvate, inositol, and catechol were made up and sterilized by filtration through Millipore filters just before use. The sugars in experiment 3 in Table 1 * Turbidity figures are the maximal readings attained. Corresponding incubation times (in hr at 37 C were 10 to 18 hr (experiment 1), 10 to 12 hr (experiment 2), and 9 to 30 hr (experiment 3). Turbidity readings were followed until there was a sustained plateau or decline.
t Turbidity attained in minimal medium minus ethylene glycol.
growth. These 12 amino acids, referred to in Fig. 2 as "12 amino acids," include glycine, serine, threonine, leucine, isoleucine, valine, methionine, proline, tryptophan, histidine, arginine, and lysine. Figure 2 demonstrates that a supplement consisting of a mixture of these 12 amino acids does not support appreciable growth. However, as shown in the upper curves, the further addition of tyrosine, glutamate, and phenylalanine results in growth equal to that produced by the complete casein hydrolysate. In this experiment, FIG. 2. Growth of Clostridium glycolicumt in minimal medium minus casein hydrolysate, supplemented by the indicated amino acid combinations. See text for list of "12 Amino Acids." Where indicated, amino acids were in the following concentrations: glutamate, 1.1 X 10-2 M; serine, proline, and histidine, 6.7 X 10-3 M; arginine and valine, 5.5 X 103 M; threonine 4.5 X 10-3 M; leucine, isoleucine, methionine, tyrosine, phenylalanine, and aspartate, 3.3 X103 M; cystine, 2.8 X 10-3 M; lysine, 2.2 X 10-3 M; tryptophan and alanine, 1.7 X 10-3 M; and glycine, 5 X 10-4 M.
the minimal medium did not contain (NH4)2SO4.
With (NH4) 2SO4 present (in 0.2 % concentration), cystine and aspartate are required in addition to the above 15 amino acids for maximal growth. Further experiments indicated that some of the amino acids could be reduced below the concentration found in casein; after several trials, a combination of amino acid concentrations, ranging from 10 4 M for glycine to 6 X 10-s M for serine, was selected as enrichment (instead of casein hydrolysate) for the fermentation balances.
Prior to identifying the required vitamins, the mixture of eleven vitamins (see Materials and Methods) was used as a supplement for the minimal medium. As can be seen from experiment 1, Table 2 , the presence of biotin, pantothenate, and riboflavine are required, in addition to the 15 amino acids, for maximal growth to occur. The requirement for biotin and pantothenate has been repeatedly confirmed, but, in some experiments, riboflavine has not been stimulatory (experiment 2, Table 2 ). The conclusion is that biotin and pantothenate are the vitamins required by this organism.
Fermentation balance. The data of Table 3 describe the stoichiometry of product formation from ethylene glycol. Acetate and ethanol were isolated and quantitated, as described in Materials and Methods. Two molecules of ethylene Pantothenate, biotin, and ribo-217 flavine * Turbidity readings were made after incubation at 37 C for 14 hr (experiment 1) and 18.5 hr (experiment 2).
t Turbidity attained in minimal medium minus vitamin supplement.
glycol were converted into one molecule each of acetate and ethanol. The redox indices of 0.97 and 1.04 show the over-all process to be a balanced oxidation-reduction.
Ethanol was identified by oxidation with acid chromate to acetate, which was separated by steam-distillation, converted enzymatically to the hydroxamate, and chromatographed. The RF values of authentic acethydroxamate and of the hydroxamates derived from the acid-volatile fraction and from chromic acid oxidation of the alcohol fraction were identical (0.47 i 0.02).
Similar results were obtained when propylene glycol was the substrate (Table 3 ). In this experiment, the nonspecific kinase of C. sticklandii was employed to form the hydroxamates of the volatile fatty acids recovered from the culture medium. From quantitative analysis of the hydroxamates by the method of Stadtman and Barker (1950) , it was calculated that the volatile acid fraction contained 7 % acetic acid and 93% propionic acid.
Similar analyses of the fatty acids obtained by chromic acid oxidation of the alcohol fraction re- Coagulated egg albumin in Mett tubes is attacked to the extent of slight, but definite, hollowing of the surface of the albumin.
Sugars fermented are glucose, fructose, sorbitol, and dulcitol, which yield good growth with acid and gas formation. When cellulose is the substrate, gas is produced after 20 to 24 hr, but, in minimal medium minus ethylene glycol, no growth is supported beyond that yielded by the casein hydrolysate in the medium. The cellulose sediment in the bottom of the tube is not visibly decreased during the incubation period. Xylose and maltose are fermented slightly.
Substrates not fermented include adonitol, arabinose, amygdaline, cellibiose, dextrin, erythritol, galactose, glycerol, glycogen, inositol, inulin, lactose, mannitol, mannose, melibiose, pectin, raffinose, rhamnose, salicin, sucrose, and trehalose.
DISCUSSION
As a gram-positive, anaerobic, spore-forming rod with peritrichous flagellae, this organism belongs to the genus Clostridium, and appears to differ from previously described species on the basis of standard bacteriological and biochemical tests.
The ability to ferment cellulose is shared by nine species of clostridia. The characteristics which, according to Bergey's Manual (Breed, Murray, and Smith, 1957) , differentiate these other species from the present organism are as follows. C. spumarum liquifies gelatin, coagulates milk, produces indole, and ferments arabinose, sucrose, mannitol, and starch. C. werneri ferments no carbohydrates except cellulose. C. leptinotarsae coagulates milk, produces indole, and is gramnegative. C. cellulosolvens does not ferment glucose, fructose, sorbitol, or dulcitol, and is nonmotile. C. cellobioparum is gram-negative and ferments arabinose, mannose, cellibiose, and melibiose. C. omelianskii liquifies gelatin, coagulates milk, and does not ferment glucose and fructose. C. dissolvens ferments no sugars other than cellulose, is gram-negative, nonmotile, and grows at temperatures up to 51 C. C. thermocellum and C. thermocellulaseum are both thermophilic and gram-negative; C. thermocellum ferments no sugars except cellulose, and C. thermocellulaseum does not ferment dulcitol and sorbitol.
It is curious that, although the fermentation of cellulose is definite, reproducible, and constant during 1 year of observation, it is not a vigorous fermentation, does not produce acid, and does not support growth.
Biochemically, this organism differs from the strain of A. aerogenes described by Abeles and Lee (1961) in that, although able to metabolize ethylene glycol and propylene glycol, it does not grow on glycerol; their strain of A. aerogenes grows on and metabolizes glycerol, but does not grow on ethylene glycol and propylene glycol. It seems likely, however, that the present organism decomposes glycol to the aldehyde form as does A. aerogenes, followed by dismutation to the corresponding acid and alcohol. Studies on the mechanism of this reaction are currently in progress using cell-free extracts.
The type culture has been sent to the American Type Culture Collection and has been given the accession number 14880.
